The DDB1-Cul4A ubiquitin ligase complex promotes protein ubiquitination in diverse cellular functions and is reprogrammed by the V proteins of paramyxoviruses to degrade STATs and block interferon signaling. Here we report the crystal structures of DDB1 alone and in complex with the simian virus 5 V protein. The DDB1 structure reveals an intertwined three-propeller cluster, which contains two tightly coupled b propellers with a large pocket in between and a third b propeller flexibly attached on the side. The rigid double-propeller fold of DDB1 is targeted by the viral V protein, which inserts an entire helix into the doublepropeller pocket, whereas the third propeller domain docks DDB1 to the N terminus of the Cul4A scaffold. Together, these results not only provide structural insights into how the virus hijacks the DDB1-Cul4A ubiquitin ligase but also establish a structural framework for understanding the multiple functions of DDB1 in the uniquely assembled cullin-RING E3 machinery.
INTRODUCTION
Ubiquitin-dependent proteolysis is a widely used mechanism for eukaryotes to negatively modulate protein activities (Hershko and Ciechanover, 1998) . Upon the attachment of a polyubiquitin chain, a protein substrate is targeted to the proteasome and can be effectively eliminated through proteasome-mediated degradation. Acting at the last step of a three-enzyme cascade (E1-E2-E3), ubiquitin-protein E3 ligases catalyze ubiquitin transfer from a ubiquitin-conjugating enzyme (E2) to the substrate and determine the specificity of the reaction (Pickart, 2001) . The cullin-RING ubiquitin ligase complexes represent the largest superfamily of multisubunit E3s in eukaryotic cells (Petroski and Deshaies, 2005) . In humans, six closely related cullin proteins (Cul1-3, 4A, 4B, and 5) have been identified, each capable of interacting with the RING finger protein Roc1 (also known as Rbx1 or Hrt1) and serving as the scaffold to assemble a distinct family of E3 complexes. The prototype of the cullin-RING E3s is the SCF (Skp1-Cul1-F box protein) complex, which is built upon Cul1-Roc1 and contains the Skp1 adaptor protein as well as a member of the F box protein family. Docked to the Cul1 scaffold by Skp1, the F box proteins can recruit diverse substrates to the SCF E3 machinery (Bai et al., 1996; Feldman et al., 1997; Skowyra et al., 1997) . The modular architecture of SCF is apparently shared by several other cullin-RING E3 complexes. Cul2 and Cul5 are known to use elongin-C, a Skp1-homolog, as the adaptor for tethering the substrate binding VHL box and SOCS box proteins, whereas Cul3 has been demonstrated to directly interact with a family of substrate receptors through their common BTB domain, which has a Skp1-like structural fold (Petroski and Deshaies, 2005) .
Unique among all cullins, Cul4A has recently been shown to form a stable complex with a 127 kDa cellular protein, DDB1, which shares no sequence homology with any cullin adaptor (Chen et al., 2001; Shiyanov et al., 1999) . DDB1 is a multifunctional protein evolutionally conserved from fission yeast to humans (Tang and Chu, 2002) . It was first isolated, together with DDB2, as a subunit of a heterodimeric protein complex that recognizes the UV-induced DNA lesions in the nucleotide excision repair pathway (Chu and Chang, 1988) . Although DDB1 has subsequently been implicated in several other cellular functions, mounting evidence has now established a major role of DDB1 as a core subunit of the Cul4A-based ubiquitin ligase complex. This fundamental function of DDB1 in the E3 ligase is consistent with the strict coexistence of DDB1 and Cul4A in many eukaryotic species. To date, cellular proteins known as the substrates of the DDB1-Cul4A-Roc1 E3 include the yeast ribonucleotide reductase inhibitor Spd1, the metazoan DNA-replication licensing factor Cdt1, the mammalian transcription factor c-Jun, and the human NER proteins DDB2 and XPC (Chen et al., 2001; Higa et al., 2003; Holmberg et al., 2005; Hu et al., 2004; Sugasawa et al., 2005; Wertz et al., 2004; Zhong et al., 2003) . In complex with Cul4A, DDB1 has been proposed to either directly dock a substrate to the E3 machinery or indirectly recruit a substrate through an additional adaptor(s) (Sugasawa et al., 2005) . Several cellular factors, including Det1, COP1, and the COP9 signalosome, have also been found in complex with DDB1-Cul4A-Roc1, regulating the ubiquitin ligase activities of the E3 (Groisman et al., 2003; Higa et al., 2003; Liu et al., 2003; Wertz et al., 2004) .
Exploitation of the cullin-based ubiquitin ligases is a common strategy employed by various pathogenic viruses to ubiquitinate and degrade host factors crucial for combating or limiting viral infection Petroski and Deshaies, 2005) . Recent studies have shown that several paramyxoviruses, including simian virus 5 (SV5), mumps virus, and human parainfluenza virus type 2, are able to hijack the cellular DDB1-Cul4A-Roc1 E3 complex to promote the rapid degradation of the STAT proteins, which are the key signal transducers in the interferon pathway of antiviral response (Didcock et al., 1999; Parisien et al., 2001; Ulane and Horvath, 2002) . A highly conserved V protein produced by these viruses directly binds to DDB1 and recruits STATs to the Cul4A-based E3 for ubiquitination (Andrejeva et al., 2002; Lin et al., 1998; Ulane and Horvath, 2002) . In an effort to gain structural insights into the mechanisms underlying the ubiquitin ligase functions and the viral hijacking of the DDB1-Cul4A-Roc1 E3 machinery, we have determined the crystal structures of the full-length DDB1 in an isolated form and in complex with the full-length SV5 V protein (Table 1) .
RESULTS AND DISCUSSION
Structure Determination DDB1 was crystallized in space group P2 1 2 1 2 1 , and its structure was solved at 3.0 Å resolution by mercury single-wavelength anomalous dispersion (SAD) ( Table 1) . Although the electron density map calculated from the SAD phases allowed unambiguous tracing of more than two-thirds of the polypeptide, confident building of a middle propeller domain (b propeller B) was limited to a backbone model due to its relatively poor densities. Crystals of this domain alone were subsequently obtained, and the structure was determined at 2.80 Å resolution by molecular replacement (MR). The DDB1-SV5-V complex was crystallized in space group P2 1 with two complexes in the asymmetric unit. The 2.85 Å resolution structure of the complex was determined by the MR method using the DDB1 middle propeller domain and the rest of the molecule as separate search models. Except for three presumably disordered loops (amino acids 1-15, 55-80, and 153-159 ), a structure model of the SV5 V protein bound to DDB1 was built with cycles of refinement and rebuilding.
Structure Overview
The 127 kDa DDB1 protein forms a multidomain structure consisting of three seven-bladed b propellers (referred to as BPA to BPC for b propeller A to C) and a C-terminal helical domain (CTD) (Figure 1 ). The b propeller motif is a common protein fold characterized by multiple copies of a fourstranded antiparallel b sheet, which are twisted and radially packed around a central axis, analogous to the blades of a propeller (Jawad and Paoli, 2002; Pons et al., 2003) . Apart from serving as catalytic enzymes for certain metabolic reactions, b propellers are frequently used as protein interaction modules by functionally diverse proteins (Smith et al., 1999) . The three DDB1 b propeller domains are clustered together into a compact tristar structure, which is further supported by the CTD sitting next to the central joint region (Figure 1 ). BPA and BPC are closely coupled to each other face-toface at an 60º angle, resembling an open clam. A large empty pocket is formed between the two propellers. BPB, on the other hand, appears to be loosely tethered to BPC on its side through two pliable linker sequences. The flexibility of the connection between BPB and BPC is manifested by the drastically different orientations of BPB relative to the rest of the protein in the DDB1 and DDB1-SV5-V crystals (see below).
The SV5 V protein interacts with DDB1 through a bipartite structure, consisting of an N-terminal helical extension and a globular core domain stabilized by a novel zinc-finger motif (Figure 1 ). The SV5-V N-terminal helix is entirely engulfed by the large pocket formed between BPA and BPC, while the SV5-V core domain strengthens the interaction by packing against BPC on the opposite side where BPB is connected. Together, DDB1 and SV5-V form an elongated complex structure with a longest dimension of 125 Å ( Figure 1A ).
Propeller Cluster in DDB1
Based on the detection of 17 repeating sequence motifs, which are remotely related to the WD repeats, DDB1 has been previously predicted to have a multipropeller structure (Neuwald and Poleksic, 2000) . The crystal structures show that the N-terminal 1045 residues of DDB1 indeed form three b propeller domains, all with the canonical seven-bladed fold (Figures 2A and 2B) . Unexpectedly, the three propellers are not built in tandem in the polypeptide sequence. Instead, the sequence regions encoding BPA and BPB are separately inserted into the sequence of BPC, leading to a nonlinear domain arrangement. As a result, the polypeptide can be traced through the structure following the route of BPC/ BPA/BPC/BPB/BPC/CTD ( Figure 2B ).
In the propeller cluster, BPA and BPB are connected to BPC via distinct mechanisms at the structural level. Conventionally, the blades of a propeller are numbered 1 to 7, and the four b strands of each blade are named a to d, from the inner to the outer ones (Lambright et al., 1996; Wall et al., 1995) . With a conserved topology, the two opposite faces of the b propeller fold have been assigned as ''top'' and ''bottom,'' each being lined with a specific set of loops connecting intra-and interblade strands ( Figure 2B ). In DDB1, BPA and BPC are joined through the ''top'' surface d-a loops of both propellers with two very short linkers. Through extensive interactions among the loops next to the linker regions, the two propellers are tightly packed to each other in a ''top'' to ''top'' fashion (Figures 2A and 2C ). The relative positions of the two propellers are further secured by the CTD, which places a short helix right next to the propeller junction and inserts the side chain of Trp1073 between the two propeller domains ( Figure 2C ). Flanking this helix, two large loops in the CTD further hold the two propellers in place by interacting with their peripheral sides. Overall, these structural features of BPA, BPC, and the CTD present a clam-shaped double-propeller fold with a rigid appearance. Indeed, the overall structure of this double-propeller fold remains constant in both the free and viral protein bound forms of the DDB1 protein.
In contrast to BPA, BPB is only loosely attached to BPC on its side, making a limited number of contacts with the rest of the protein. The linkages between the two propellers are made through their c-d loops (1c and 1d of BPB to 2d and 2c of BPC, respectively), both located on the ''bottom'' faces, protruding away from the propeller cores ( Figures  2B and 2D ). The flexibility of the BPB-BPC connection was first suggested by the overall poor electron density of BPB in the DDB1 crystal, a crystallographic feature often associated with domains bearing considerable degrees of freedom within a protein. Subsequent superposition analysis of the DDB1 and the DDB1-SV5-V complex structures clearly revealed a hinge region in the BPB-BPC connection, as the BPB domain is differentially orientated relative to the rest of the protein in the two crystals ( Figure 2E [compare with Figures 1A and 2A] and Figure S1 ). The two positions of BPB are corelated by a nearly 90º domain rotation around an axis along the longest dimension of the protein. Concurrent with this domain rearrangement, the BPB-BPC linker sequences undergo substantial conformational changes without disrupting the structures of the flanking b strands in the two propellers ( Figure 2D ). It is noteworthy that despite the substantial domain movement, a relatively constant BPB-BPC interdomain distance is maintained in the two structures. In fact, the amino acid sequences of the BPB-BPC linkers, especially between 2c of BPC and 1d of BPB, are highly conserved among DDB1 orthologs ( Figure S2 ), suggesting that, even though the linkage between the two propeller domains is structurally flexible, the functions of DDB1 require a relatively close interpropeller connection, which has not been relaxed during evolution.
Protein Interacting Sites of BPA-BPC
The clam-shaped structure formed by BPA and BPC presents a large pocket that can potentially bind DDB1-interacting partners. The space between the two domains is sandwiched by the ''top'' surface of each propeller, which is employed by most known b propellers for protein-protein interactions (Wilson et al., 2005) . Distinct from BPA and BPB, whose ''top'' faces are fairly even, BPC sports three large consecutive b-c loops (2b-2c, 3b-3c, and 4b-4c loops), which protrude out on the top face of the propeller. In conjunction, these three BPC loops and the attached BPA and CTD domains create a ''wall'' surrounding three fourths of the top surface of the BPC domain and enclose an empty pocket of 30 Å wide and 30 Å deep among the three domains ( Figure 3A ). In contrast to the BPA side, the BPC side of the inside surface of the pocket is predominantly formed by aromatic and hydrophobic residues, which provide a hydrophobic environment suitable for protein-protein interactions ( Figure 3B ). Among these ''top'' surface residues of BPC, Trp953 and Met927, which are conserved in all DDB1 orthologs, are found near the opening of the pocket (Figure 3A) . In the crystal of the DDB1-SV5-V complex, this DDB1 pocket accommodates the N-terminal helix of the viral protein, which mainly interacts with BPC. Of the three large BPC b-c loops surrounding the pocket, loop 3b-3c is especially long and rich in Ser/Thr residues (Figures 2B and S2) . In addition to extending the 3b and 3c strands on the top face of BPC, a major portion of this 45 amino acid loop folds back onto the domain and is tucked into the side of the propeller ( Figure 3C ). Intriguingly, a part of this loop sequence runs parallel with the entire 3d strand, creating a five-stranded b sheet in blade 3 ( Figure 3C ). The sequence encoding this structurally unique loop is found in the DDB1 orthologs of all animals ( Figure S2 ), raising the possibility that this DDB1 loop might have functional roles remaining to be characterized.
In addition to using the top surface, the b propellers of several proteins with known structures also interact with their binding partners through the ''bottom'' and peripheral surfaces (Renault et al., 1998; Stamos et al., 2004) . Structural analyses of BPA and BPC reveal several conserved surfaces on the bottom faces of both propellers as well as on one side of BPA ( Figure S3 ), suggesting that additional protein-interacting sites are provided by the two domains. In particular, a number of solvent exposed residues, which are strictly conserved among metazoan DDB1 orthologs, are found clustered at the bottom surface of BPA, presenting a conserved surface groove leading to the other side of the propeller ( Figure 3D) . A functional role of this conserved surface is supported by the missense mutation of one of these residues in the tomato DDB1 ortholog (Asn319 as the corresponding residue in human DDB1), which has recently been reported to be the cause of the high pigment-1 (hp-1) mutant phenotype of the plant (Lieberman et al., 2004; Liu et al., 2004) . Intriguingly, another tomato mutant with a similar phenotype (hp-1 w ) carries a missense mutation of a different DDB1 residue, which is mapped to the 4b-4c loop of BPC surrounding the double-propeller pocket (Glu842 as the corresponding residue in human DDB1, Figure S3A ), implying that the functional role of the bottom surface of BPA might be in fact linked to that of the double-propeller pocket. Furthermore, mutations in the tomato homolog of Det1, which has been found interacting with DDB1, are to a large degree iso-phenotypic to hp-1 (Levin et al., 2003; Mustilli et al., 1999) , suggesting that the BPA-BPC double-propeller of DDB1 might play a role in Det1 binding. Indeed, when the DDB1 BPB domain alone and a DDB1 mutant lacking BPB were cotransfected with Det1 in 293T cells, Det1 specifically interacted with the latter, which contains the BPA-BPC double-propeller, but not with the BPB domain ( Figure 3E ). Precisely how DDB1 recruits Det1, however, remains to be revealed since equivalent plant hp mutations introduced in human DDB1 are not sufficient to disrupt the association between mammalian DDB1 and Det1 in cotransfected 293T cells (data not shown).
BPB in DDB1-Cul4A Interaction
In addition to the BPA and BPC propellers, BPB provides yet another important protein interaction module in DDB1. A patch of seven residues, which are invariably conserved among all known DDB1 orthologs, is found on the top surface of BPB ( Figure 4A ). These residues define the largest continuous conserved surface area on the entire DDB1 protein ( Figure S4 ), suggesting that they might participate in one of the most fundamental functions of DDB1 in the cell. Given that among all documented DDB1-interacting molecules Cul4A is the only protein strictly coexisting in parallel with DDB1 in the eukaryotic species, we speculated that the top surface of the BPB domain of DDB1 might be involved in Cul4A binding. Our effort to map the binding domains between DDB1 and Cul4A in vivo by coimmunoprecipitation was complicated due to the presence of additional cellular factors that can interact with both proteins (e.g., the COP9 signalosome) (Liu et al., 2000 (Liu et al., , 2003 . Therefore, we tested the direct binding between DDB1 and Cul4A in an in vitro GST pull-down assay with purified recombinant proteins. As expected, an isolated DDB1 BPB domain but not a DDB1 deletion mutant lacking BPB is able to form a stable complex with Cul4A (Figure S3C) . Consistent with previously published results (Hu et al., 2004) , the DDB1-BPB-interacting sites on Cul4A can be further mapped to the N-terminal domain of the cullin scaffold ( Figure 4B ). To confirm that the top surface of BPB represents the Cul4A binding site, we analyzed a number of BPB mutants with several conserved surface residues individually or simultaneously mutated to alanine. Strikingly, although mutations of two polar residues, Glu537 and Ser590, showed only limited effect on the complex formation, a single point mutation of Trp561, whose side chain is entirely exposed to the solvent, completely abolished the direct association between DDB1-BPB and Cul4-NTD ( Figure 4C ). These results strongly suggest that BPB anchors DDB1 to Based on the crystal structure of Cul1, the N-terminal domains of all cullins have been predicted to share a common elongated structure consisting of three consecutively packed five-helix cullin repeats (Zheng et al., 2002) . Similar to Cul1, most cullins are known to use two specific helices in their first cullin repeat to bind a Skp1-like domain in their adaptors (Kamura et al., 2004; Pintard et al., 2003; Yu et al., 2004; Zheng et al., 2002) . The absence of a Skp1/ BTB/POZ fold in the DDB1 structure suggests that Cul4A-NTD interacts with DDB1 via a distinct structural mechanism. Previous studies have shown that deletion of the N-terminal 97 amino acids of Cul4A is sufficient to obliterate the DDB1-Cul4A complex formation (Hu et al., 2004) . To further define the DDB1 binding sequence in the Cul4A NTD, we performed sequence alignment of the full-length Cul4A orthologs in conjunction with secondary structure prediction analysis. As shown in Figure 4D , a highly conserved K(K/R) (L/I/F)V(I/V)K motif can be found immediately N-terminal to the predicted first cullin repeat of all Cul4A orthologs. Deletion of this conserved sequence motif completely disrupted the direct interactions between Cul4A-NTD and DDB1-BPB ( Figure 4C ). In contrast, the removal of the very N-terminal nonconserved 38 amino acids of Cul4A showed no effect on DDB1 binding. The Cul4A-DDB1 interaction, therefore, is predominantly mediated by the short conserved sequence motif outside the cullin repeats of the cullin scaffold. We speculate that this Cul4A sequence motif directly binds to the conserved surface on the top face of the DDB1 BPB domain. Although the structural details of the DDB1-Cul4A interactions remain to be revealed, these lines of evidence demonstrate that the DDB1-Cul4A ubiquitin ligase complex is assembled via a novel mechanism distinct from that of other known cullin-based E3s. Cullin-RING ubiquitin ligase platforms, therefore, can be formed through a variety of mechanisms.
Structure of the SV5 V Protein
As part of a bipartite structure, the SV5-V core domain is built around a central seven-stranded b sheet, which is sandwiched by one a helix and two long loops ( Figure 5A ). At one end of the b sheet, two large irregular loops coordinate two zinc ions via one histidine and seven cysteine residues, all of which are conserved among the V proteins of paramyxoviruses (Paterson et al., 1995) . The resulting overall structure of SV5-V shares no significant structural homology with any known zinc binding proteins, representing a novel zinc-finger fold ( Figures 5A and 5B and Figure S5 ). The V protein of SV5 is encoded by the viral P gene, which also produces the viral P protein upon RNA editing (Thomas et al., 1988) . The SV5 V and P proteins share the same N-terminal 164 amino acids sequence but are completely different in their C-terminal regions. The structure of SV5-V shows that its unique C-terminal sequence forms the middle two b strands as well as the zinc binding motif of the core domain ( Figure 5A ), all of which are crucial structural elements for the V protein to maintain its unique fold. Structurally independent of the core domain, the N-terminal 40 amino acids sequence of SV5-V adopts an a-helical structure with two flanking loops. This part of the V protein is almost entirely embedded in the pocket formed between the BPA and BPC domains of DDB1 ( Figure 5A ).
The solvent-exposed surface of the SV5-V core domain harbors a shallow bowl-shaped depression whose rim is almost exclusively formed by hydrophobic and nonpolar residues ( Figure 5C ). The hydrophobic features of most, if not all, of these residues are conserved among the paramyxovirus V proteins with demonstrated activities of ubiquitinating STATs. Although the polar Asn100 residue is exceptional in this group, its mutation to aspartic acid has been previously documented to confer on SV5 the ability to block interferon signaling in murine cells (Young et al., 2001 ), suggesting that it might directly participate in recruiting the STAT protein substrate. These lines of evidence, taken together, help reveal a potential protein binding site on SV5-V for tethering cellular substrates to DDB1. The SV5 V protein targets STAT1 for ubiquitination in a STAT2-dependent manner (Parisien et al., 2002b; Precious et al., 2005) . Previous studies have shown that STAT2 not only forms a complex with SV5-V and STAT1 but also governs the host's range restriction of SV5 in human but not in mouse cells (Parisien et al., 2002a) . The strict requirement of STAT2 for the function of the V protein suggests that SV5-V might bind STAT2 to recruit STAT1. In an in vitro GST pull-down assay, bacteriaproduced recombinant STAT2 and SV5 can indeed directly interact with each other ( Figure 5D ). Importantly, mutation of Asn100 or a nearby conserved hydrophobic residue is able to essentially abolish or significantly weaken the STAT2-SV5-V interactions, confirming that the potential protein binding site of the viral V protein is involved in recruiting the STATs.
SV5-DDB1 Interaction
The SV5 V protein binds to DDB1 using both its N-terminal extension and the core domain, burying a total of 3730 Å 2 accessible protein surface area from the two proteins. Occupation of the BPA-BPC pocket of DDB1 by the Nterminal a1 helix of the V protein represents the hallmark of the viral-host protein interaction. SV5-V inserts its N-terminal helix into the DDB1 pocket with the C-terminal end of the helix pointing inward, barely reaching BPA ( Figure 5E ). Sitting in the middle of BPC's top surface, the SV5-V a1 helix packs its N-terminal end tightly against the long BPC 4b-4c loop, which appears to play an important role in sequestering the viral helix in the pocket ( Figure 5E ). The C-terminal end of the viral protein's a1 helix, meanwhile, interacts predominantly with the hydrophobic residues presented by BPC, making only limited van der Waal contacts with two amino acids in BPA. Overall, the entire viral protein helix forms extensive interfaces with the top surface of BPC throughout one side of the helical structure, as detailed in Figure 5E . The formation of the DDB1-SV5-V complex is substantially reinforced by the core domain of the viral protein, which also interacts extensively with the DDB1 BPC domain. Binding to the opening of the DDB1 double-propeller pocket, the SV5-V core domain is in contact with the BPC 4b-4c loop on one side and the CTD on the other, thereby completing the formation of a 360º wall surrounding the center of BPC's top face ( Figure 5A ). The major interactions between the SV5-V core domain and BPC are mediated by the viral protein's b4 strand, which runs along the edge of the BPC top face ( Figure 5E ). Next to the b4 strand, a conserved tyrosine residue in the SV5-V's a2 helix makes multiple van der Waals contacts with the BPC loops as well as the viral Nterminal a1 helix ( Figure 5E ). Upon interacting with DDB1, SV5-V induces slight conformational changes in the BPC blades that are in close contact with the viral protein core domain, yet the majority of the DDB1 BPA-BPC double-propeller fold remains essentially unchanged (with a 1.04 Å rmsd for 789 residues in the free and viral bound forms). The critical roles played by both the N-terminal extension and the core domain of the viral protein in DDB1 binding are underscored by the undetectable interactions of DDB1 with SV5-V mutants lacking either end of the polypeptide (Andrejeva et al., 2002) . The requirement of both the N-terminal helix and the integrity of the core domain for the complex formation between the viral protein and DDB1 provides a structural explanation for the specific capability of the viral V but not P protein to hijack the cellular DDB1-Cul4A-Roc1 E3 machinery (Didcock et al., 1999) .
The N-terminal sequence shared between the paramyxovirus V and P proteins has been previously reported to be natively disordered in an isolated form (Karlin et al., 2002) . Recognition of the V protein's N-terminal extension by DDB1, therefore, most likely involves an induced fit mechanism. Besides hijacking DDB1, SV5-V has been implicated to have several other functions (Andrejeva et al., 2004; Lin et al., 1997; Randall and Bermingham, 1996) . It is possible that upon binding to other cellular factors, the N-terminal extension of SV5-V might adopt a different structure(s). Such structural plasticity is expected to be essential for the versatility of many viral proteins.
Implications for the Multiple Functions of DDB1 in the E3
Distinct from all other known cullin adaptors and substrate receptors, DDB1 has a triple-propeller cluster structure, which presents and spatially organizes multiple protein-protein interaction sites with the longest dimension reaching 100 Å . These structural features of DDB1 conceivably underlie its many functions in the Cul4A-based E3 machinery. Using the BPB domain, DDB1 directly interacts with Cul4A to assemble the E3 platform. Through several other protein-interacting sites, including the double-propeller pocket, DDB1 can recruit diverse cellular substrates to the ubiquitin ligase complex. With its longest dimension matching that of the cullin scaffold, DDB is presumably capable of presenting and positioning the substrates to the Roc1 bound E2 for ubiquitination. Moreover, equipped with multiple ligand binding sites, DDB1 is able to dock additional regulators to the E3 machinery besides substrates. Recent studies have reported that an E2 variant protein COP10, which can modulate the activities of the canonical E2 enzymes, was found in the same complex with Arabidopsis DDB1 and Det1 (Yanagawa et al., 2004) , suggesting that the cognate E2 of the DDB1-Cul4A-Roc1 E3 ligase can be regulated for differential ubiquitin chain assembly, at least in plants. Finally, the unusual ligand binding capacity of DDB1 might allow it to target the ubiquitin ligase complex to special subcellular locations such as the damaged-DNA site and the centromere (Groisman et al., 2003; Obuse et al., 2004) . Despite the detailed DDB1 structures obtained in the current studies, how DDB1 forms a complex with DDB2 and participates in the recognition of the UV DNA lesions remains to be revealed. How the ubiquitin ligase activities of the DDB1-Cul4A-Roc1 E3 might be coupled to its localization to UV-damaged DNA also waits to be answered. The current structures of DDB1 provide a structural framework for addressing these questions and unravelling the structural basis of the multiple functional roles of the protein in the E3 complex.
Flexibility within a Cullin-Based E3 Complex
The DDB1 structure represents the first case where an obvious hinge region is revealed in a subunit of a cullin-based E3 complex. Previous structural studies have shown that several subcomplexes of the SCF and SCF-like E3s are characterized by apparently rigid architectures. It has been proposed that the cullin-based E3 machinery might partially mediate the ubiquitination reaction by optimally positioning the substrates relative to the E2 (Schulman et al., 2000; Zheng et al., 2002) . Distinct from these complexes, DDB1 displays a flexible linkage between the major protein binding module (BPA-BPC) and the cullin binding domain (BPB). Minor contacts between Cul4A and DDB1 beyond the DDB1 BPB domain might exist and be able to lock the domain configuration of DDB1. Alternatively, the BPA-BPC double propeller might be indirectly anchored on Cul4A by additional binding proteins, which can limit the flexibility of DDB1. Nevertheless, we speculate that the flexible domain connection in DDB1 can be functionally favored in the DDB1-Cul4A E3. For instance, the flexibility of DDB1 might be important for it to present substrates bound at different sites to the E2. The hinge movement of the DDB1 domains might also play a role in the assembly of a specific ubiquitin chain when a cofactor such as COP10 is present. With the domain architecture of DDB1 revealed, the importance of the hinge region in the E3 and the functional significance of limited flexibility in the cullin E3s in general can now be formally tested.
Implications for Other Multipropeller Proteins
The multipropeller fold has been recognized in numerous functionally diverse proteins (He et al., 2004; Komuro et al., 2004; Zou et al., 1997) . The DDB1 structures reported here present both opportunities and challenges for elucidating the structural basis of their functions. On the one hand, the DDB1 structure can be directly used to model the spliceosome-associated protein 130 (SAP130) in the U2 snRNP particle and the largest subunit of the cleavage and polyadenylation specificity factor (CPSF160), both of which are essential components of eukaryotic messenger RNA-processing machines and share significant sequence homology with DDB1 throughout their entire polypeptides ( Figure S6 ) (Neuwald and Poleksic, 2000) . A homology model of SAP130 will likely help locate the protein in the structure of the SF3b subcomplex of U2 snRNP determined by cryoelectron microscopy (Golas et al., 2003) . On the other hand, the intertwined propeller domain arrangement and the differential interpropeller structural coupling as revealed in the DDB1 structure show unexpected complexities involved in the folding and structural organization of multiple propeller domains. Such complexities add a new level of challenges to the structural prediction and modeling of multipropeller proteins.
Conclusions
Our studies show that the evolutionally conserved DDB1 protein adopts a striking intertwined three-propeller fold, featuring multiple protein binding sites exquisitely organized in space. Distinct from all known cullin adaptors, DDB1 assembles with Cul4A-Roc1 through a novel mechanism, forming a unique cullin-RING ubiquitin ligase platform. In order to divert the E3 function of the DDB1-Cul4A-Roc1 complex for its own use, the paramyxovirus V protein binds to a prominent double-propeller pocket on DDB1, altering its substrate recognition properties by presenting a STAT-interacting site. Together with biochemical evidence, these results have established the structural framework essential for obtaining mechanistic understanding of the functions of DDB1-Cul4A E3 in various cellular pathways.
EXPERIMENTAL PROCEDURES

Protein Overexpression and Purification
Full-length human DDB1 was overexpressed as a glutathione S-transferase (GST)-fusion protein in insect cells. Full-length SV5-V and the DDB1 BPB domain (amino acids 391-709) were overexpressed as GST-fusion proteins in E. coli. All proteins were isolated from the soluble cell lysate by glutathione affinity chromatography. After cleavage by TEV, all proteins were further purified by anion exchange and gel filtration chromatography and concentrated by ultrafiltration. The DDB1-SV5-V complex was isolated on a Superdex 200 gel filtration column with a mixture of the two proteins at a 1:1.5 molar ratio. All protein samples were in a final solution of 20 mM Tris-HCl (pH = 8.0), 200 mM NaCl, and 5 mM dithiothreitol (DTT).
Crystallization and Data Collection
All crystals were grown at 4ºC by the hanging drop vapor diffusion method with 1.5 ml protein samples mixed with an equal volume of reservoir solutions. The purified DDB1 protein (5.6 mg/ml) was crystallized with a reservoir solution containing 100 mM MES (pH = 6.5), 15%-17% PEG 4000, 50 mM NaCl, and 5 mM DTT. The DDB1 crystals form in space group P2 1 2 1 2 1 (a = 63.4 Å , b = 133.8 Å , c = 184.7 Å ) and contain one molecule in the asymmetric unit. The purified DDB1-BPB domain (8 mg/ml) was crystallized with a reservoir solution containing 100 mM HEPES (pH = 7.5), 19%-21% PEG 4000, 10% isopropanol, and 5 mM DTT. The DDB1-BPB crystals form in space group P2 1 (a = 101.7 Å , b = 73.9 Å , c = 137.1 Å , and b = 111.7º) and contain four molecules in the asymmetric unit. The purified DDB1-SV5-V protein complex (6 mg/ml) was crystallized with a reservoir solution containing 100 mM BTP (pH = 7.5), 19%-21% PEG 20000, 50 mM NaCl, and 5 mM DTT. The DDB1-SV5-V crystals form in space group P2 1 (a = 62.7 Å , b = 240.8 Å , c = 117.2 Å , and b = 101.8º) and contain two complexes in the asymmetric unit. A DDB1 mercury derivative crystal was prepared by soaking the crystal in the reservoir solution supplemented with 1 mM ethyl mercuric phosphate (EMP) for 12 hr. All the data sets were collected at the BL5.0.2 beamline at the Advanced Light Source in Berkeley using crystals flash-frozen in the crystallization buffers supplemented with 15%-20% glycerol at ÿ170ºC. Reflection data were indexed, integrated, and scaled (Table 1) using the HKL2000 package (Otwinowski and Minor, 1997) .
Structure Determination and Refinement
The native crystal structure of DDB1 was determined by mercury SAD using the EMP-derivatized crystal. Fifteen mercury sites were located using SOLVE (Terwilliger and Berendzen, 1999) . After improving the phases by solvent-flattening using RESOLVE (Terwilliger, 2000) on the basis of a solvent content of 50%, interpretable electron density maps were obtained. A native date set of the DDB1 crystal was collected to 3.0 Å resolution and used for model building and refinement with O and CNS (Brunger et al., 1998; Jones et al., 1991) . Due to the poor electron densities of the BPB domain, only a polyalanine model was initially built for this part of DDB1. With the crystals of isolated DDB1 BPB domain and the available polyalanine model, the structure of DDB1-BPB was determined by molecular replacement (MR) in conjunction with molecular averaging. Iterative cycles of model building, averaging, density modification, and restrained refinement were performed using O, CNS, and the CCP4 programs (CCP4, 1994) . The final BPB model was refined to 2.80 Å . The crystal structure of the DDB1-SV5-V complex was also determined by MR, using the DDB1-BPB domain structure and the model of the rest of the protein as separate search models in AmoRe (CCP4, 1994) . 3.0 Å electron density maps calculated with phases derived from the rigid-body-refined DDB1 model had clearly interpretable density for the most part of SV5-V. SV5-V was built into the difference density upon numerous cycles of manual-building/rebuilding and refinement (simulated annealing, positional, and grouped B factor) with CNS. The entire complex structure was refined to 2.85 Å and has been checked using simulated annealing composite omit maps. The final refined model of the DDB1-SV5-V protein does not contain one DDB1 loop (amino acids 774-779) and three SV5-V loops (amino acids 1-15, 55-80, and 153-159) due to the absence of their electron densities. It is assumed that these loops are disordered in the crystal. All figures were prepared with PyMol (DeLano, 2002) and rendered either internally or by PovRay.
Site-Directed Mutagenesis and GST Pull-Down Assays
The GST-Cul4A-Roc1 complex was overexpressed and purified from insect cells following the same procedures previously reported for preparing recombinant Cul1-Roc1 (Zheng et al., 2002) . GST-DDB1-BPB, GST-DDB1-DBPB, and 6xHis-STAT2 fusion proteins were overproduced and purified from E. coli. Cul4A-NTD, Cul4A-NTDD38, and Cul4A-NTD-D50 (amino acid 401 as the common C-terminal boundary) were prepared following the same method for preparing DDB1-BPB. Site-directed mutagenesis of DDB1-BPB and SV5-V was carried out using the Quickchange kit (Stratagene). Previously reported procedures were followed for the GST pull-down experiments (Zheng et al., 2002) .
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